Objectives : To assess the validity of Vasoactive-Inotropic Score as a scoring system for cardiovascular support and surrogate outcome in pediatric sepsis. Design: Secondary retrospective analysis of a single-center sepsis registry. Setting: Freestanding children's hospital and tertiary referral center. Patients: Children greater than 60 days and less than 18 years with sepsis identified in the emergency department between January 2012 and June 2015 treated with at least one vasoactive medication within 48 hours of admission to the PICU.
S
epsis is a common critical illness leading to pediatric morbidity, mortality, and increased healthcare costs in the United States and worldwide (1) (2) (3) . Nationally in 2005, there were more than 70,000 hospital admissions for pediatric severe sepsis, accounting for up to 7% of pediatric hospitalizations with an associated cost of nearly $5 billion (1) . In recent U.S. database studies, pediatric severe sepsis mortality estimates ranged from 5% to 20% (1, 3) . Pediatric sepsis is also associated with significant resource burden, with a median hospitalization cost of $77,000, median PICU length of stay (LOS) of 7 days, and long-term morbidity in survivors (2, 3) . Pediatric septic shock is the end stage of severe sepsis, defined as those patients with evidence of cardiovascular dysfunction despite fluid resuscitation (4) , and represents the patients at highest risk of mortality (5) .
Vasoactive and inotropic medications are standardly used to treat hypotension and cardiovascular dysfunction associated with pediatric septic shock (6) . Currently, no uniform, validated measure or scoring system exists to describe the magnitude of hemodynamic support required in pediatric sepsis. In adult sepsis, clinical measures that both objectively describe illness severity and correlate with important outcomes such as mortality are being increasingly recognized as necessary to identify which patients are most at risk for poor outcomes (7) . Low-mortality rates in pediatric sepsis limit the feasibility of using death as a primary endpoint, making validated surrogate measures critical for pediatric sepsis research. A validated score that accurately describes cardiovascular dysfunction and correlates with other clinically relevant outcomes such as duration of mechanical ventilation and ICU stay could be used to identify high-risk patients and as an outcome in research and quality improvement.
One candidate scoring system was recently proposed by Gaies et al (8) for use in infant cardiac surgery. The VasoactiveInotropic Score (VIS), expanded from the previously described Inotropic Score (9) , quantifies the amount of cardiovascular support required by infants postoperatively and includes dopamine, dobutamine, epinephrine, milrinone, vasopressin, and norepinephrine ( Fig. 1) . VIS has been shown to correlate with worse short-term clinical outcomes in infants following cardiac surgery (8, (10) (11) (12) . Various studies have used VIS in pediatric sepsis to describe inotropic and vasopressor support in their population (13, 14) . However, to our knowledge, only one previous study by Haque et al (15) has shown an association between VIS and mortality in pediatric sepsis. This study looked at a small cohort in India with a much higher mortality rate (42%) for pediatric sepsis than previously described in U.S. populations (1) (2) (3) . This finding has not been replicated in a lower mortality, resource-rich cohort nor has it been demonstrated to correlate with other important outcomes such as length of ventilation or ICU stay. Additionally, optimal timing for assessment of VIS in pediatric sepsis has not been established.
This study aims to determine whether VIS is a valid surrogate outcome measure in pediatric sepsis by testing its association with important short-term outcomes. We also seek to determine the optimal timing for assessment of VIS. We hypothesize that VIS at early time points in sepsis (6, 12, 24, and 48 hr following arrival to the ICU) will be associated with key outcome measures including ICU LOS, ventilator days, and a composite outcome of cardiac arrest, need for extracorporeal membrane oxygenation (ECMO), and in-hospital mortality. VIS is easily measured and, if validated in pediatric sepsis, has the potential to standardize the quantification of hemodynamic support, identify, and stratify high-risk patient populations, and be used as a surrogate outcome measure for quality initiatives and research.
MATERIALS AND METHODS
We conducted a secondary analysis of a single-center sepsis registry that includes children clinically identified with suspected sepsis in the emergency department (ED) from January 2012 to June 2015. This study was conducted at Children's Hospital Colorado, a freestanding tertiary children's hospital. Institutional ED protocols for sepsis include an "activation" process for suspected sepsis, which includes protocolized mobilization of additional personnel and equipment, paging, order sets and standardized procedures for rapid initiation of IV access, fluid resuscitation, antibiotics, and critical therapeutics. Bedside clinicians (nurses, advanced practice providers, or physicians) initiate sepsis activations when they clinically suspect infection in the presence of altered mental status or perfusion. Using these clinical indications for sepsis treatment follows international guidelines for recognition and treatment of pediatric septic shock (6) . The sepsis registry was created to support sepsis clinical quality improvement work and approved by the Children's Hospital Colorado Organizational Research Risk and Quality Improvement Review Panel. Extraction of data from the prospective registry into a limited dataset for analysis for generalizable research was approved by the Colorado Multiple Institution Review Board.
ED patients were identified for inclusion in the sepsis registry through the presence of any of the following in the electronic health record (EHR): 1) use of a sepsis-specific order set at the time of ED treatment, 2) use of the sepsis activation paging system which is time-stamped in the EHR, and 3) missed cases. Missed cases were identified in the following manner: all patients placed in intensive care within 24 hours of ED care who received antibiotics or were hypotensive in the ED are identified through a monthly EHR query. Two trained reviewers reviewed these cases monthly, and cases considered missed sepsis were added to the database along with their clinical data. Missed case classification by the two trained reviewers was tested on an ongoing basis and a κ of greater than 0.8 was sustained.
Data were extracted from the EHR using extract, transfer, and load methodology. From the Epic Clarity database, reports generated using Crystal Reports 2008 were imported monthly into a Research Electronic Data Capture (REDCap) database (16) . Additional monthly loads updated time-dependent fields that were incomplete at the original load, such as hospital LOS and 30-day mortality. Routine quality auditing identified specific variables as unreliably captured in the EHR; these underwent chart review and manual data entry monthly, including the less than 1% of encounters that included article (non-EHR) resuscitation charting. Additional exclusion criteria were applied to the larger registry to obtain the cohort for this study. Potential subjects were identified for inclusion in the cohort by identifying patients in the registry who had a vasoactive agent administered during hospitalization as indicated in the medical administration record. These cases subsequently underwent chart review to determine whether inclusion/exclusion criteria were met. Inclusion criteria were patients who received at least one vasoactive or inotropic agent in the first 48 hours after arrival to the ED or ICU. Exclusion criteria were admission to the neonatal ICU, age less than 60 days or greater than 18 years, need for an operating room (OR) procedure within the first 6 hours after admission, determination that the primary reason for requiring inotropic or vasoactive support was a definitive alternative diagnosis (Supplemental Table 1 , Supplemental Digital Content 1, http://links.lww.com/PCC/A449), placement onto ECMO support prior to initiation of vasoactive/inotropic support, and initiation of vasoactive/inotropic support occurring only following an OR procedure.
Demographic and clinical information collected on all patients from the auto-extracted database included age at admission, Pediatric Index of Mortality 3 score (17), gender, death during hospitalization, vasopressor days, ICU and hospital LOS, presence of complex chronic condition as defined by Feudtner et al (18) , initial lactate in 8 hours, amount of fluid boluses received in the first 24 hours, and time to antibiotic from initial vitals in the ED. Information that was manually chart reviewed included cardiac arrest, need for ECMO, underlying diagnosis, infectious source, need for and timing of OR procedures, need for intubation, and length of ventilation.
VIS was the independent variable in this study. Maximal VIS in the first 48 hours and VIS at 6, 12, 24, and 48 hours following ED admission time and ICU admission time were recorded. VIS was manually calculated through investigator chart review on patients per Gaies et al (8) (Fig. 1) . For a sample patient in the cohort on 9 µg/kg/min of dopamine, 0.12 µg/ kg/min of norepinephrine, and 0.05 µg/kg/min of epinephrine at 48 hours after time of admission, VIS at 48 hours would be calculated as follows: 9 + (100 × 0.12) + (100 × 0.05) = 23.
Patients who were in the OR in the first 48 hours but after 6 hours following admission were included with the VIS calculated only for those time points preceding the OR procedure in order to exclude patients who required intraoperative and postoperative vasoactive and inotropic support due to shock caused by conditions other than sepsis such as hemorrhage, anesthetic agents, or nonseptic systemic inflammatory response. For patients who died or were cannulated onto ECMO prior to the 48-hour time mark, VIS was calculated only for time points preceding death or ECMO.
Primary outcomes were ICU LOS and ventilator-free days. The secondary outcome was a combined poor outcome variable defined as the following: cardiac arrest or need for cardiopulmonary resuscitation, need for ECMO, or death during hospitalization. For patients who had a cardiac arrest in the first 48 hours, subsequent VIS following the arrest event was excluded from analysis for the composite outcome but included in the analysis for ICU LOS, ventilator days, and need for intubation.
Ventilator days were chart abstracted manually, and a ventilator day was defined as any amount of invasive mechanical ventilation on a given calendar day. Patients who died during hospitalization were assigned a maximum ventilator days value of 28 days. ICU LOS was auto-extracted. Patients who died were assigned the value of the maximum ICU LOS in the cohort, which was 964 hours or 48 days. Patients with tracheostomies who were baseline ventilated were defined as requiring intubation if they required escalation above their home settings, and total time ventilated was calculated as time from escalation to time of return to home ventilation settings. Patients who were intubated solely for an operative procedure were not counted as requiring intubation.
Study data were collected and managed using REDCap, hosted at the University of Colorado. REDCap is a secure, web-based application designed to support data capture for research studies (16) . A limited HIPAA-compliant dataset was exported from REDCap into SAS v. 9.4 (SAS Institute, Cary, NC) for analysis.
Patients' demographics and baseline clinic characteristics were summarized using descriptive statistics. Median and interquartile range were reported for continuous variables, whereas frequency and percentage were reported for binary and categorical variables. The data distribution of continuous outcomes such as ICU LOS and ventilator days was examined to determine the models to be employed. As a result, ICU LOS was transformed in natural log scale and general linear model was fitted for this dependent variable. There were over 50% of subjects with a ventilator days value of zero, thus zero inflated Poisson model was fit for this dependent variable. Candidate covariates such as PIM3 score, complex chronic condition, initial lactate, fluid boluses within first 24 hours, and time to antibiotics and pneumonia were chosen based on clinical relevance and published sepsis literature (19) (20) (21) . Spearman rank correlation test was performed to further narrow down the candidate covariates that were included in the multivariable models. Covariates included in the final model are shown in Supplemental Tables 2a-2e (Supplemental Digital Content 2, http://links.lww.com/PCC/A450). Multiple logistic regression models were fit for the binary outcomes of intubation and composite outcome. Best fit models were evaluated based on the statistical significance (p) and appropriate model fitting statistics (Akaike information criterion, R 2 and Tjur's R 2 ). p value of less than 0.05 was considered statistically significant, and all analyses were performed using SAS V9.4.
RESULTS
Between January 2012 and June 2015, 215 patients were identified in the sepsis database as having received any vasoactive or inotropic support, of whom 138 patients met inclusion criteria and did not meet exclusion criteria (Fig. 2) . Seven included patients had VIS calculations at limited time points, due to OR procedure or death in first 48 hours of ICU admission. For the composite outcome analysis only, two additional patients were excluded due to cardiac arrest occurring in the first 6 hours after admission, and one patient had VIS calculated at only the 6-and 12-hour time points due to cardiac arrest occurring between 12 and 24 hours.
Demographic and treatment characteristics are shown in Table 1 . The most common underlying conditions were genetic/metabolic (21.6%) and oncologic (13.0%). The most common infectious sources were pneumonia (31.7%) and bacteremia (23.7%). Ninety-six percent of intubations occurred in the first 48 hours, and the absolute range of VIS at 48 hours was 0-40. Details of specific vasoactive and inotropic agent usage in study patients as well as the timing of intubations are described in Supplemental As a first step, VIS correlations with the primary outcomes of ICU LOS and ventilator days were calculated at prespecified time points after ED and ICU arrival on univariate analysis to identify the best VIS time point to use on multivariable analysis. VIS at time points calculated based on ICU arrival time ( Table 2) performed best, therefore, arrival at ICU was used as time point zero for additional analyses (VIS for ED time points not shown). We then compared VIS at different time points after ICU admission to each other ( Table 2 ).
Given that VIS at 48 hours had the strongest correlation with the primary outcomes (ICU LOS and ventilator days), VIS at 48 hours was chosen as the independent continuous variable in the multivariable analysis. VIS at 48 hours was independently associated with both ventilator days and ICU LOS, showing that for every unit increase in VIS, there was an 8% increase (p < 0.01) and 13% increase (p < 0.0001) in ventilator days and ICU LOS, respectively. We also tested the relationship of patients who required any vasoactive or inotropic support at 48 hours with both primary outcomes via multivariable analysis. VIS at 48 hours as a dichotomous variable did not have a statistically significant association with ventilator days on multivariable analysis. VIS at 48 hours as a dichotomous variable was associated with ICU LOS but had minimal effect on overall fit of the multivariable model compared with VIS at 48 hours as a continuous variable (change in R 2 of 0.04). For the composite outcome, the model indicated a nonstatistically significant association with VIS at 48 hours, with an 8% increase in the odds have having the composite outcome with every unit increase in VIS (p = 0.24). This analysis was likely underpowered due to limited events; there were only 12 total composite outcome events in the cohort and five of those events happened prior to 48 hours and so were excluded from the analysis for VIS at 48 hours. Of the five excluded subjects from the VIS at 48-hour analysis, three patients suffered cardiac arrest or death between 12 and 24 hours (Supplemental Table 5 , Supplemental Digital Content 6, http://links.lww.com/PCC/A454). We therefore performed a secondary analysis using VIS at 6 and 12 hours in the multivariable model in order to capture those events that occurred earlier in the ICU stay. We found that VIS at 12 hours had a strong independent association with cardiac arrest, ECMO, or death. For every unit increase in VIS at 12 hours, there was a 14% increase in the odds of subsequently experiencing the composite outcome (p < 0.01). Interestingly, in this model, for a fixed VIS at 12 hours, higher VIS at 6 hours was associated with a decreased risk of later having the composite outcome (OR = 0.87; 95% CI, 0.77-0.99). Additionally, when looking at the prearrest VIS trend in the five patients who experienced the composite outcome during the first 48 hours, four of the five demonstrated increasing VIS in the 8 hours prior to the event (Supplemental Table 5 , Supplemental Digital Content 6, http://links.lww.com/ PCC/A454; and Supplemental Graph 2, Supplemental Digital Content 7, http://links.lww.com/PCC/A455).
DISCUSSION
In pediatric sepsis, there is a need for validated surrogate outcome measures (7) . Our study provides a critical first step in validating VIS for such purposes. Although VIS has been validated in pediatric cardiac surgery (8, (10) (11) (12) , and has been used in previous studies of pediatric patients with severe sepsis to describe the severity of illness and as a measure of hemodynamic support (13, 14) , only one prior study by Haque et al (15) has shown an association between maximal VIS and outcomes in pediatric sepsis. Our study complements the study by Haque et al (15) done in a resource-poor setting, by showing that in a resource-rich setting with a medically complex, lowmortality cohort of children with septic shock, VIS at 48 hours after ICU arrival is independently associated with short-term outcomes including ICU LOS and ventilator days. Importantly, the association of VIS at 48 hours with these outcomes was independent of the validated PIM3 score. This finding is in part not surprising, as the PIM3 score was validated to predict mortality across the broad spectrum of PICU admissions and did not specifically target sepsis patients or outcomes other than mortality (17) . However, it is also important to note that progressive cardiovascular instability plays a role in the pathophysiology of sepsis and the cardiovascular component of the PIM3 score is limited to systolic blood pressure and acid base status in the first hour. Our results indicate that VIS at 48 hours may capture a component of illness in pediatric sepsis that is not fully addressed by PIM3. VIS at 48 hours may therefore complement existing acuity scores as both a relatively early indicator of the likely duration of critical care support as well as a surrogate outcome that highlights cardiovascular instability.
Consistent with this concept, our study shows that persistent rather than early or maximal need for vasoactive and inotropic support in the first 48 hours is most strongly associated with duration of critical care support. Patients with a high VIS at 48 hours demonstrate ongoing cardiovascular dysfunction and are inherently at highest risk of a poor outcome. In contrast to previous studies of VIS in infant cardiac surgery (8, 11, 12) and the study by Haque et al (15) of VIS in pediatric sepsis (15), we did not find a strong correlation between maximal VIS and outcomes of interest. Early aggressive resuscitation is associated with improved outcomes and shock reversal in pediatric sepsis (6) , and it is possible that early and maximal VIS may reflect attentive support of reversible pathophysiology compared with VIS at later time points.
The relationship between high VIS and prolonged intubation and ICU LOS is intuitive. Patients requiring vasoactive or inotropic support due to vasoplegia or capillary leak syndrome are also those who are more likely to have acute respiratory distress syndrome or pulmonary edema requiring positivepressure ventilation. Additionally, patients with myocardial dysfunction that require inotropic support are often intubated to reduce total body oxygen demand and improve left ventricular function. Conversely, prolonged ventilation can also directly lead to increased vasoactive and inotropic medication requirements due to increased intrathoracic pressure, decreased venous return, and increased right ventricular afterload. As the vast majority of patients requiring invasive ventilation were intubated prior to 48 hours (Supplemental Table  4 , Supplemental Digital Content 5, http://links.lww.com/PCC/ A452), VIS at 48 hours cannot be considered to be predictive of intubation. However, those patients with a persistent need for vasoactive or inotropic support 48 hours after admission may have prolonged multiple organ dysfunction increasing the duration and need for ICU care and ventilation. The association of VIS with ICU LOS and length of ventilation suggests that cardiovascular dysfunction, as represented by a high VIS, may be causal in both of these important outcomes. This may mean that interventions targeting a decrease in a patient's VIS may ultimately affect these relevant outcomes as well.
VIS at 48 hours after PICU arrival did not show a statistically significant association with the secondary composite outcome but low frequency of this outcome means that this analysis was likely underpowered. More important, many of these events occurred early in hospitalization and VIS at 48 hours is by definition not useful to accurately identify or predict early cardiovascular collapse. We therefore explored an earlier time point (VIS at 12 hr) in a secondary analysis and found that it was strongly and independently associated with subsequent cardiac arrest, ECMO, or death. Again, this finding was independent of the measured acuity score (PIM3) suggesting a complementary role for the quantification of cardiovascular support in this population. Of interest, for a fixed VIS at 12 hours, VIS at 6 hours was inversely associated with the composite outcome. Although it is possible that an early high VIS at 6 hours portends a better outcome for patients as it represents aggressive early resuscitation, this is unlikely as higher VIS at 6 hours is associated with worse outcomes when modeled separately from VIS at 12 hours. An alternative explanation for this relationship may be that direction or trend of VIS is important. Those patients who do not wean from support quickly or require increasing support between 6 and 12 hours are patients whose illness is worsening and are more likely to have a poor outcome. This concept is supported by our descriptive data showing that in four of five patients with early cardiovascular collapse, VIS was rising in the 4 hours immediately prior to the event, although the small number of cases precludes meaningful statistical analysis. Overall, although these data are suggestive that early and rising VIS may predict subsequent poor outcome, due to the small number of events, it can be considered exploratory only and will require validation in larger cohorts.
Overall, our study population is similar to pediatric severe sepsis populations presenting to the ED of tertiary centers with pediatric ICUs. The 6% mortality in our study of patients with septic shock is similar to that reported from ED-based pediatric sepsis registries with sepsis quality programs in place (19, 22, 23) but is lower than what has been reported in national database and ICU-based pediatric studies (1) (2) (3) . Also, the median PIM3 score in our population was lower than in other ICUbased studies (2) , suggesting that our population may have had a lower overall level of illness severity. Compared with previously published pediatric ED sepsis studies in the United States, our population had a similar proportion of patients with complex chronic conditions (3, 22, 23) . A potentially unique aspect of our population was the median amount of bolus fluid (55 mL/kg) received by patients in the first 24 hours, which is lower than American College of Critical Care Medicine guidelines but is similar to what has been described in other pediatric tertiary hospital populations (23, 24) . Despite this possible variation, VIS was still found to be independently associated with outcomes of interest when controlling for the amount of fluid resuscitation. Additionally, although vasoactive and inotropic usage may vary in other institutions in comparison to our ICU due to individual practice patterns and availability of specific drugs, such as those in resource-poor settings, VIS is calculated in a manner that incorporates all commonly used vasoactive and inotropic equally and thus can be used to compare across institutions despite different prescribing patterns. In summary, this study shows that VIS is a reliable marker of cardiovascular support that is independently associated with important outcomes in pediatric sepsis and may complement existing acuity scores as an early prognostic indicator of the duration of critical care support in this population. Lowmortality rates in pediatric sepsis mean that using death as a primary endpoint for many clinical investigations is often impractical. Our results indicate that VIS at 48 hours could serve as a surrogate cardiovascular outcome to help develop investigations with sufficient power to answer clinical questions in a timely and feasible manner. It can also be used to quantify hemodynamic support, allowing comparison of patient populations across studies and centers. Additionally, VIS is a simple score that can be easily calculated in real time at the bedside and requires only 48 hours of data collection. Finally, although only preliminary in nature, our study also suggests that trends in VIS prior to the 48-hour time point should be explored further in larger multiinstitutional studies as a potential early warning or risk-stratification method to clinically identify septic patients at increasing risk for sudden cardiovascular collapse.
There are limitations to this study. Data were collected retrospectively from an EHR and quality improvement database primarily designed to assess early recognition and treatment of sepsis in the ED. It was also a single-center study of a tertiary children's hospital center and may not be generalizable to all institutions that care for pediatric sepsis patients. Given that sepsis patients are very heterogeneous, determining time point zero of illness in sepsis is difficult, and it is possible that VIS values measured at discrete time points after ICU arrival in this study were affected by variations in the timing of a patient's presentation to the ED and subsequent ICU admission. Although we excluded those patients diagnosed with dilated cardiomyopathy/myocarditis, all patients did not have an objective measure of cardiac function so we were unable to make comparisons or draw conclusions between groups of patients with and without myocardial dysfunction, nor did we have long-term follow-up on which patients in the cohort had persistent ventricular abnormalities. Additionally, these findings may not be generalizable to individual patients requiring early operative intervention or who suffer very early catastrophic events such as cardiac arrest, death, or cannulation onto ECMO, as these patients were excluded from this study. As is true in all observational studies, treatments were not dictated by the study, so individual clinician and institutional practices such as threshold for initiation of cardiovascular support may have affected the VIS. Additionally, when evaluating the VIS as a score itself, it is important to note that individual components of the score are weighted for convenience rather than considering the clinical relevance of each medication. Due to the lack of long-term follow-up in this registry-based study, we were unable to assess the association of VIS with longer term mortality after hospitalization or functional outcomes. Investigation of the relationship between VIS and functional outcomes is an important area for future prospective studies.
CONCLUSIONS
VIS at 48 hours after ICU admission in pediatric sepsis is an easily calculated clinical score that is independently associated with ICU LOS and length of ventilation. VIS at 12 hours is independently associated with risk of cardiac arrest, death, or need for ECMO. In pediatric sepsis, VIS is a reliable marker of cardiovascular support that may be used as a surrogate outcome for research studies and provide additive value to existing pediatric acuity scores in this population.
